In this investigation, the growth, structure, and electronic properties of Pt films on the polar surfaces of ZnO were examined using high-resolution electron energy-loss spectroscopy (HREELS) and low-energhy, electron diffraction (LEED). The growth mode of vapor-deposited Pt films on ZnO(0001#) and ZnO(0001) at 300 K was found to be nearly layer-by-layer. The surfaces of Pt films produced in this manner exhibited hexagonal symmetry and were stable up to 600 K. At higher temperatures, the Pt agglomerated into particles which remained oriented with respect to the ZnO substrate. HREELS results indicate that there are only weak interactions at the Pt/ZnO(0001#) interface, while charge transfer and Schottky barrier formation occures at the Pt/ZnO (0001) In this investigation, the growth, structure, and electronic properties of Pt films on the polar surfaces of ZnO were examined using high-resolution electron energy-loss spectroscopy (HREELS) and low~energy, electron diffraction (LEED). The growth mode of vapor-deposited Pt films on ZnO(OOOl) and ZnO(OOOl) at 300 K was found to be nearly layer-by-layer. The surfaces ofPt films produced in this manner exhibited hexagonal symmetry and were stable up to 600 K. At higher temperatures, the Pt agglomerated into particles which remained oriented with respect to the ZnO substrate. HREELS results indicate that there are only weak interactions at the PtlZnO(OOOl) interface, while charge transfer and Schottky barrier formation occurs at the PtlZnO(OOOl) interface.
I. INTRODUCTION
The interface between a metal and a metal oxide is of central importance in a variety of technological applications, including· heterogeneous catalysis, microelectronic devices, and composite materials. For this reason, in recent years there have been numerous studies focused on determining the structure and physical properties of metal-metal oxide interfaces. Although there are many approaches available to study these systems, characterization of interfaces produced under the carefully controlled conditions of ultrahigh vacuum has several advantages. Among these are the ability to construct interfaces in an environment free from contamination and access to a variety of in situ spectroscopic probes capable of providing electronic and structural information without damaging the sample.
The work presented here involves characterizing the interactions between vapor-deposited Pt films and the (0001) and (0001) surfaces of ZnO and focuses on determining how the surface structure of the oxide affects these interactions. ZnO has a wurtzite crystal structure. A schematic representation of the (0001) surface is shown in Fig. l(a) . This surface consists of a hexagonal array of oxygen anions (0
-).
Zinc cations (z?+) in the second layer are not exposed on this surface due to the relatively large size of the 0 2 -ions. Reaction studies carried out on this surface show that it is relatively unreactive toward simple organic molecules, such as alcohols and carboxylic acids.l-6 The (000l) surface, shown in Fig. l(b) , has a hexagonal arrangement of Z2+ ions in its outermost layer. Due to the small size of the Zn2+ ions, a subsurface layer of 0 2 -ions is also partially exposed on this surface. It has been suggested that exposed cation -anion pairs on this surface are the active sites for the adsorption of a variety of organic molecules. 1 -6 Bronsted acids, such as alcohols, carboxylic acids, and alkynes, adsorb dissociatively on these cation-anion site pairs to form hydroxyl groups and conjugate base anions.
Given the dramatic differences in the reactivity of the two polar surfaces of ZnO toward organic species, variances in the interaction of metal atoms with these surfaces might also be expected. Recent studies by Roberts and Gorte suga) Author to whom correspondence should be addressed.
gest that this may indeed be the case. 7 These researchers studied Pt-ZnO interface formation on ZnO(OOOl) and ZnO(OOOl) using Auger electron spectroscopy (AES) and transmission electron microscopy (TEM). They found that vapor-deposited Pt overlayers grew as oriented, twodimensional films on both surfaces at room temperature. These films were stable at temperatures below 650 K, while at higher temperatures the Pt coalesced into particles.-Studies of the thermal desorption behavior of CO on the metal films indicated that there were differences in the chemical reactivity of Pt films supported On the two surfaces. These differences were attributed to interactions between Pt and Zn 2 + ions on the (0001) surface.
In the present study, the interaction of Pt overlayers with the polar surfaces of ZnO has been further examined using high-resolution electron energy-loss spectroscopy (HREELS) and low-energy electron diffraction (LEED). As will be shown below, the results of this study provide further insight into the growth mechanism of Pt films on ZnO and into the nature of the electronic interactions at the Pt/Zno interface.
II. EXPERIMENT
Experiments were conducted in an ion-pumped ultrahigh-vacuum chamber equipped with a high-resolution electron energy-loss spectrometer (McAllister Technical Services) , LEED/Auger retarding field analyzer (Omicron), mass spectrometer (UTI), and sputter ion gun (Physical Electronics). The background pressure in the chamber was typically 2X10-10 Torr. A second ultrahigh vacuum (UHV) chamber with a similar configuration and equipped with a cylindrical mirror analyzer (Omicron), mass spectrometer (UTI), and a sputter ion gun was used to perform AES and reaction studies.
The ZnO single crystal used in this study was approximately 5 mmX5 mmX2 mm in size and was oriented using Laue x-ray diffraction. The (0001) and (0001) polar faces were identified oy etching with nitric -acid, using the procedure described by Mariano and Hanneman. 8 The surfaces were mechanically polished until optically smooth using 0.25 J.Lm diamond paste. The surface was cleaned in vacuum by sputtering with a 500 V Art ion beam followed by annealing at 950 K. This procedure was repeated until no im- purities were detected using AES or HREELS and the surface exhibited a sharp 1 X 1 hexagonal LEED pattern.
Removal of deposited Pt multilayers required approximately 2 h of sputtering. The ZnO single crystal was attached to the sample manipulator using a thin piece of tantalum foil wrapped around the back face. Heating and cooling of the crystal were accomplished via conduction through the foil.
The temperature of the sample was monitored using a Chromel-Alumel thermocouple attached to the crystal using a vacuum-compatible ceramic adhesive (Aremco #503). A resistively-heated evaporative metal source was used for Pt deposition and was constructed by wrapping 0.1 rom dianl high-purity Pt wire (Johnson Matthey, 99.998%) around a 025 rom diam tungsten wire. The tungsten wire was then attached to an electrical feedthrough on the URV chamber allowing it to be heated resistively. The steady-state flux of Pt was monitored using a quartz crystal oscillator (Maxtek, Inc.) The metal source was operated such that the flux of Pt atoms at the surface of the sample was 1.1 X 10 12 atoms/s cm 2 • The temperature of the ZnO substrate was held at 300 K during Pt deposition. Platinum coverages were measured in monolay!!rs. The density of Pt atoms in a monolayer was assumed to be the same as that on a PtCllI) surface, Le., 1.5 X 1015 atoms/cm 2 .
HREEL spectra were collected in the specular direction using a 3.5 eV incident electron beam directed 60° from the surface normal. The· elastic peak intensity from clean Zno surfaces was typically 150 kHz. Deposition of a monolayer of Pt reduced this intensity by one to two orders of magnitude. In order to improve the signal to noise ratio, signal averaging of 50 scans was employed. Although the intrinsic resolution of the HREEL spectrometer, as' determined by measuring the full-width at half-maximum (FWHM) of the elastic peak in a straight-through geometry, was approximately 5 me V, the best resolution obtained from the clean ZnO surfaces was 10 meY. This relatively low resolution is due to the electrical properties of the ZnO sample. ZnO is an intrinsic n-type semiconductor. The plasma oscillations of the conduction electrons couple with the phonon modes of the substrate, causing both a decrease in intensity and significant broadening of the phonon losses. 9 -12 Because the plasmon dispersion relation extends to zero energy, the elastic peak is broadened as well. Additional decreases in the spectral resolution may have been caused by the presence of steps or defects on the ZnO surface, but their effect was HREELS of PtJZnO(OOOl) presumably much smaller than that of the plasma-phonon coupling.
III. RESULTS

A. Growth of Pt overlayers on ZnO(0001}
The HREEL spectrum of the clean ZnO(OOOl) surface is displayed in the lower portion of Fig. 2 . This spectrum is in good agreement with those reported previously for ZnO. 11 -15 The large peak at 67.0 me V is due to excitation of a long wavelength surface optical phonon (Fuchs-Kliewer mode). The series of smaller losses which appear at integral multiples of the phonon loss are phonon-phonon combination peaks resulting from sequential excitation of the phonon by a single incident electron. In addition to the phonon. losses there is also a small feature centered at 49.6 meY, which appears as a shoulder on the phonon fundamental. The origin of this small feature is not completely clear, however, this mode was not detected in the HREEL spectrum of the (0001) surface. Thus, it is not related to the bulk structure of the oxide. A possible origin of this feature is a vibrational mode localized at defects, such as surface oxygen vacancies. The remaining HREEL spectra presented in Fig. 2 were collected following deposition of 1, 2, and 3 ML ofPt on the (0001) surface. The intensity of the elastic peak in the spec- 
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• ... tra of the metal-covered surfaces was approximately 10% of that obtained from the clean surface. Examination of these spectra reveals that significant changes in the relative intensity of the phonon mode and the spectral resolution accompanied Pt deposition. These observations are summarized in Figs. 3(a) and 4(a), where the ratio of the intensity of the phonon peak to that of the elastic peak and the FWHM of the elastic peak are plotted vs Pt coverage for all experimentally measured overlayer thicknesses. One interesting aspect of the HREEL spectra in Fig. 2 is that the small loss feature at 49.6 me V, which was tentatively assigned to surface defects, was not observed for the Pt-covered surfaces, even for coverages as low as 0.1 ML. Assuming that this loss is related to the presence of defects, this result suggests that the first few Pt atoms deposited on the surface are preferentially adsorbed at defect sites. For Pt layers thicker than 3 ML, no further changes in the HREEL spectra were observed. Figure 3 (a) shows that the ratio of the intensity of the phonon fundamental to that of the elastic peak decreased monotonically from a value of 0.68 for the clean surface to 0.02 after deposition of 3 ML of Pt. This demonstrates that the Pt overlayer is quite effective in screening the oscillating dipole of the ZnO surface phonon; this is consistent with the Pt overlayer covering the entire surface, suggesting that the growth is approximately layer-by-Iayer. Roberts and Gorte arrived at a similar conclusion for this system based on AES and TEM data. The FWHM of the elastic peak in the HREEL spectrum of clean ZnO(OOOI) was 15.1 meV. As shown in Fig. 4 (a), this peak width increased roughly linearly with increasing Pt coverage to a maximum value of 21.7 meV for a 2ML film. Upon deposition of an additional monolayer of Pt, the FWHM decreased to 15.0 meV. Although it has been previously demonstrated that, for the conditions used in this study, the Pt10verlayer grows in a layer-by-Iayer fashion,? it is probably fucorrect to assume that the film is completely smooth at the atomic level due to the presence of Pt islands at coverages other than integral multiples of a monolayer. Thus, an increase in the surface roughness resulting from the deposited Pt layer may be responsible for a portion of the decrease in spectral resolution. It is unlikely, however, that the asperity of the overlayer could cause the FWHM of the elastic peak to broaden by 6.2 me V. Indeed as will be shown below, the presence of relatively large Pt particles on the surface results in only a 1.1 me V increase in the FWHM (see Sec. III C). Ii: is more likely that the spectral broadening that accompanies Pt deposition results from scattering from conduction electrons in the thin Pt overlayer. These conduction electrons would be expected to give rise to a plasmonlike rnode. For a small density of charge carriers, as would be the case in a monolayer Pt film, the plasmonlike mode would appear as a loss continuum starting at zero me V and extending to higher energies. 16 This loss continuum gives rise to the tail observed on the high energy side of the elastic peak. A similar effect has been observed in a< HREELS study of the interaction of Ag with GaAs(100).16 -As the thickness of the Pt film is increased, its electrical properties eventually approach that of bulk Pt. This results in the disappearance of the low-energy loss continuum associated with the thin Pt layer and the appearance of a discrete plasmon loss. For bulk Pt, the plasmon frequency is 5.1 eV, which lies outside the spectral range of the HREELS experiment. Therefore, the decrease in the FWHM of the elastic peak for Pt layers thicker than 2 ML is attributed to the emergence of a discrete plasmon loss at high energy and the disappearance of the low energy plasmonlike loss continuum.
HREELS of PtJZnO(0001)
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B. Growth of Pt overlay~rs on ZnO(0001)
The growth of Pt films on the ZnO(OOOl) surface was also examined in this investigation. The HREEL spectrum of the clean (0001) surface is shown in the lower portion of Fig.  5 . As was the case for ZnO(OOOl), there is an intense loss at 67.0 meV, corresponding to the surface optical phonon and a phonon-phonon combination structure extending to higher loss energies with maxima at integral multiples of the phonon fundamental. Comparison of the HREEL spectra of the clean (0001) and (0001) surfaces shows that the intensity of the phonon fundamental relative to that of the elastic peak is much less for the (0001) surface than for the (0001) surface [0.35 for the ZnO(OOOl) vs 0.68 for the<ZnO(OOOi)]. Apparently, the conduction electrons provide a· higher degree of screening of the oscillating dipole of the phonon vibration for ZnO(OOOl) compared to ZnO(OOOI). <This result indicates that there is an electron accumulation layer on the ZnO(OOOl) surface. Clearly the electronic properties of the two surfaces, as evidenced by the HREEL spectra, are different. As will be shown below, these differences may be responsible for variations in the interaction of Pt films with the two surfaces.
In contrast to ZnO(OOOI), the deposition of submonolayer amounts of Pt on ZnO(OOOl) resulted in dramatic changes iIi the electronic properties of the surface. For Pt coverages in the range of 0.1-0.5 ML the surface region of the sample became insulating, thereby disrupting the HREELS analysis. HREEL spectra collected in this coverage regime were found to be highly irreproducible and characterized by an intense, narrow elastic peak due to reflection of electrons off the electrostatic field of· the charged sample.
This rather dramatic change in the conductivity of the Zno sample upon Pt deposition is consistent with the formation of a surface depletion region in the oxide and implies that charge has been transferred from the ZnO substrate to the deposited Ptatorns. As will be discussed below, < this charge transfer can be deScribed in terms of the formation of a Schottky barrier at the interface.
It was found that' electrostatic charging of Pt-covered ZnO(OOOl) could be alleviated by illuminating the sample with visible light. This procedure allowed HREEL spectra of the (0001) surface covered with 0.1-0.5 ML of Pt to be obtained. Although more detailed studies are required in order to determine the exact effect of visible light on the electronic properties of the Pt-covered surface, it is likely that the incident ph6tonspr~vided sufficient energy to excite electrons from the metaJ. conduction band intotbe conduCtion band of the ZnO substrate ot' across the band gap of the oxide itself.
As noted above, the charging phenomenon persisted for Pt coverages up to 0.5 ML. For higher coverages, sample charging did not occur during the collection of HREEL spectra. A coverage,of approximately 0.5 ML corresponds to the percolation limit of a two-dimensional overiayer, assuming random deposition of particles on a close-packed, hexagonal array or coalescence of Pt islands with a fixed number of nucleation sites.
17 Thus, at this coverage there is a conduction path to the edge of the sample (which is in contact with the grounded sample holder) via the deposited Pt layer. This prevents the build-up of charge in the surface layer.
HREEL spectra of ZnO(OOOl) recorded following deposition of 0.5, 1.0, 2.0, and 3.0 mono layers of Pt are shown in the upper portion of Fig. 5 . As was the case for ZnO(OOOI), there are changes in the intensity of the phonon peak relative_ to that of the elastic peak, and the FWHM of the elastic peak as the Pt coverage was increased. These quantities are plotted vs Pt coverage for all experimentally measured overlayer thicknesses in Figs. 3(b) and 4(b) , respectively.
The ratio of the intensity of the phonon peak to that of the elastic peak vs Pt coverage for deposition on ZnO(OOOl) is displayed in Fig. 3(b) . Comparison of these data to the analogous data obtained from ZnO(OOOi) [ Fig. 3(a) ] reveals some significant differences. The most noticeable variation is that the ratio of the intensity of the phonon to elastic peak initially increased with Pt coverage for ZnO(OOOl), while it decreased monotonically for ZnO(OOOl). The ratio for the clean (0001) surface was 0.35; it increased to 0.58 for a Pt coverage of 0.1 ML and then rapidly fell to nearly zero as the coverage was increased to 3 ML. Since the Pt layer should shield the phonon mode from the scattered electrons for all Pt coverages, as was the case for ZnO(OOOI), this result was somewhat unanticipated. It is consistent, however, with transfer of charge from the oxide. to the 'metal. This charge transfer reduces the number of free carriers in the surface region of the oxide giving rise to the charging phenomena described above. Since the free charge carriers in the oxide also shield the oscillating dipole of the phonon vibration, a reduction in their number increases the cross section for excitation of the phonon mode. For Pt coverages greater than 0.5 ML the reduction in the excitation cross section of the phonon mode due to the decrease in the number of free carriers in the oxide is offset by the shielding effect of the Pt layer and the phonon intensity begins to decrease.
Figure 4(b) shows that when Pt was deposited on ZnO(OOOl), the FWHM of the elastic peak remained unchanged from the clean surface value for Pt Goverages up to approximately 0.6 ML. At this point the FWHM rapidly increased and reached a maximum of 23.8 meV at an overlayer thickness of 1.0 ML. The resolution then improved and nearly recovered to the clean surface value for a 2 ML film. Recall that for ZnO(OOOl), the FWHM increased rather slowly and nearly linearly for coverages up to 2.0 ML, where it achieved its maximum value. These differences further suggest that the nature of Pt-ZnO interaction varies between the two surfaces. It is interesting that on ZnO(OOOl) the Pt coverage where the rapid increase in the FWHM began is close to the percolation threshold for the metal layer.
C. Thermal stability of Pt overlayers
The thermal stability of Pt films on the polar surfaces of ZnO was also studied using HREELS. In these experiments samples covered with a 3 ML Pt film were heated to a series of progressively higher temperatures, at which point they were quenched to 100 K and HREEL spectra were collected. Figure 6 shows a representative sample of the data collected following annealing of a 3 ML Pt film on ZnO(OOOl). All of the data which were obtained from the annealing studies of Pt films .on both surfaces are summarized in Fig. 7 , which displays the ratio of the phonon intensity to that of the elastic peak folloWing annealing of a 3 ML Pt film on both ZnO(OOOl) and ZnO(OOOl) .
The data for ZnO(OOOl) in Fig. 7 shows that for temperatures less than 600 K, the phonon-elastic peak intensity ratio remained constant at 0.02. However, for annealing temperatures greater than 600 K, the ratio rapidly increased. Af- ter annealing the sample at 1000 K, the ratio was 0.54, a value slightly lower than that obtained from the clean surface. This increase in the relative phonon intensity for temperatures above 600 K is consistent with the coalescence of the two-dimensional Pt layer into three-dimensional particles, resulting in the exposure of portions of the ZnO(OOOl) surface. This result is consistent with the AES studies of Roberts and Gorte. 7 The recovery of the normalized phonon intensity to nearly that of the clean surface suggests that a significant fraction of the ZnO surface is exposed, which in turn implies that the size of the Pt particles following agglomeration is relatively large. By comparison with the results of Roberts and Gorte, the particles formed by annealing the 3 ML film were estimated to be -18 nm in diameter with a number density of ~4X 10 10 /cm 2 (Ref. 7) . As is also sho\Vn in Fig. 1 , the trend in the phonon intensity in the HREELS spectra upon annealing Pt-covered ZnO(OOOl) was qualitatively similar to that obtained from the ZnO(OOOl). This indicates that the Pt layers on ZnO(OOOl) also coalesce into particles upon heating. The onset of particle formation on the (0001) surface appeared to occur at approximately the same temperature as on the (Oooi) surface, but agglomeration of the Pt occurred more readily on this surface as evidenced by the more rapid reappearance of the ZnO phonon. It is also important to note that following annealing of Pt-cQvered ZnO(OOOl) to 1000 K, the 0.8..,----------------, Ratio of the intensity of the phonon peak in the HREEL spectrum to that of the elastic peak as a function of annealing temperature for ZnO(OOOI) and ZnO(OOOI) covered with 3 ML Pt films. Squares represent data from the PtlZnO(OOOI) system, whereas the circles correspond to data for PtlZnO{OOOl).
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phonon-elastic peak intensity ratio was 0.54, a value significantly greater than that obtained from the clean surface (0.35). This result indicates that the Pt particles interact strongly with ZnO(OOO1) and that this interaction is similar to' that of the two-dimensional films, i.e., there is charge transfer from the oxide to the metal which reduces shielding of the phonon.
D. LEED analysis
LEED was used to further characterize the structure of the Pt layers on ZnO(OOOI) and ZnO(OOO1). The LEED results from the two surfaces were' nearly identical, so only those from the (0001) surface are presented here. Figure 8(a) shows the LEED pattern of clean ZnO(OOOI) acquired using an incident electron beam energy of 120 eV. The LEEDpattern displays hexagonal symmetry as is expected for this surface, which consists of a hexagonal array of Zn 2 + cations with a nearest-neighbor spacing of 3.25 A. This pattern is in excellent agreement with those that have been reported previously for this surface. 18 ,19 A slight amount of background intensity was also present, which may have been caused by diffuse scattering from steps and other defects on the surface. 19 (c) FIG. 8. LEED patterns of (a) clean ZnO(OOOI), (b) 5 ML of Pt film on ZnO(OOOI) at 300 K, and (c) following annealing of the film in (b) at 900 K. All patterns were collected using a primary beam energy of 120 eV.
LEED patterns of the ZnO(OOOl) surface as a function of Pt coverage were measured. The hexagonal pattern due to the ZnO(OOOl) substrate was observed for Pt coverages up t6 1.0 ML, although it became less intense as the overlayer thickness was increased. Increasing the Pt layer thickness to 2 ML resulted in the emergence of a new' hexagonal diffraction pattern which can be attributed to the Pt layer. The fact that this pattern was not completely developed until a coverage of 2 ML suggests that the first monolayer !l1ay be somewhat disordered.
. The LEED pattern obtained at a beam energy of 120 eV for a 5.0 ML PT overlayer is shown in Fig. 8(b) . This pattern is similar to that obtained for a 2 ML film, but the spots are slightly sharper. Comparison of the hexagonal LEED patterns of the clean and metal-covered surfaces reveals that the spacing of the spots is larger in the pattern obtained from the Pt-covered surface. This result demonstrates that although the Pt layer is well ordered; it is not pseudomorphic with the ZnO(0001) substrate. Analysis of the LEED pattern to determine the real-space nearest-neighbor distance in the Pt layer yields a value of 2.71 A. This is close to the nearest-neighbor spacing for a Pt(lll) surface of 2.77 A, indicating that the overlayer is relatively unstrained despite the lattice mismatch between ZnO and Pt. Previous TEM results of Roberts and Gorte for Pt films on ZnO(OOOI) indicated that the hexagonal array of the deposited Pt atoms was rotated 30° relative to that of the' substrate.? The LEED results in Figs. 8(a) and 8(b) clearly show that for the Pt films produced in this study, this rotation was not present. It is difficult to determine what caused this difference between the two studies: One possibility is that the films produced by Roberts and G6rte were exposed to air before being characterized. The LEED results of this study are consistent, however, with, those obtained previously for the interactionaf Pd and Cu with ZnO.20.21 In the previous section,' it was demonstrated that the Pt films agglomerate to form particles upon annealing at temperatures above @O K. The LEED pattern obtained after annealing the sample covered with' 5 ML of Pt to 900 K is displayed in Fig. 8(c) . This pattern contains two concentric hexagonal arrangements of spots .. The inner hexagonal pattern is similar to that in Fig. 8(a) and is due to the ZnO substrate, while the outer pattern has the same spacing as that in Fig. 8(b) and can be assigned to the Pt. This result demonstrates that the Pt particles formed upon high-temperature annealing remain oriented with respect to the substrate. The observation of a hexagonal pattern for the particles also indicates they are relatively flat and have exposed Pt(11l) surfaces which are parallel to the ZnO substrate. This pattern is similar to those ubtained previously in LEED studies of Pd and eu-covered ZnO surfaces. 20 . 21
IV. DISCUSSION
The HREELS results demonstrate that there are significant differences in the interaction of Pt overlayers with ZnO(OOOI) and ZnO(OOOl). In order to explain the experimental results and determine the extent to which electronic interactions at the interface influence the structure and electronic properties of the deposited films, it is useful to start by considering a model of the system consisting of two uniform, noninteracting layers, one representing' the ZoO substrate and the other the deposited Pt film. As previously described in detail by others,22-30 the HREEL spectrum of layered system such as this can be simulated using semiclassical dielectric theory. In this approach the electrons are considered to be classical particles, while the surface excitations are treated quantum mechanically. Within this. framework, one can define a surface loss function, P(w), which describes the probability that a scattered electron will lose energy fiw.2 3 A HREEL spectrum can be calculated by integrating the surface loss function over all excitation wave vectors which scatter the electron into the acceptance angle of the spectrometer. This classical loss function is then temperature corrected using a Bose-Einstein distribution, self-convoluted to reproduce the multiple loss structure, and convoluted with an instrumental response function to take into account the finite energy resolution of the spectrometer. The details of this type of calculation can be found in a paper by Lambin et at. 23 For a layered system, the surface loss function depends on the frequency of the excitation, w, the scattered wave vector, k, and the overlayer thickness, d, and is related to the dielectric response of the target as follows: 26
where €ertCw,k,d) is the effective dielectric constant of the layered system. For a single Pt layer on a semi-infinite ZnO substrate, the effective dielectric function is given ,by23 ,
where €ZnO and €Pt are the dielectric constants of ZnO and Pt, respectively. The ZnO substrate can be treated as an isotropic dielectric medium with a single classical oscillator. Hence, its dieh~ctric function is 26 -
wTO-w -IWY where e;,.; is the high-frequency dielectric constant, .6.€ is the oscillator strength, I'll-ro is the transverse optical phonon frequency, and Y is the damping constant of the oscillator. It was found that literature values of €",=3.75, .6.10=5.0, l'll-ro=46.7meV, and y=1.49 meV (Refs. 31,32) yielded a simulated HREEL spectrum in qualitative agreement with that obtained experimentally from the clean ZnO(OObI) surface. A Gaussian peak with a FWHM of 9.9 meY.was used as the instrumental response function in these simulations. The dielectric response of the Pt overlayer was calculated using a Drudemodel,33 2
Wp
where wp is the plasmon frequency and T is the relaxation time. Valu~s ofw p =5.l eVlmd r= 7.83XlO-15 were obtained from the iiterature. 34 ,35 Beforep~esenting the' results of the HREEL simulations, some limitations of the dielectric model should be addressed.
Pt Coverage (ML) FlO: 9. Calculated ratios of the intensity of the phonon peak relative to that of the elastic peak as a function of Pt _ coverage. The ratios were caIcQ\ated using the dielectric model described in the text.
The most important being that this model does not account for any direct interaction between the Pt and the ZnO such as coupling between the vibrational modes of the overlayer and the substrate or charge transfer between the layers~ Also, the Pt overlayer was simulated as a continuous film with a uniform distribution of metal at all coverages. Obviously, this assumption is not valid for submonolayer coverages, since the Pt must be deposited as isolated Pt atoms or as islands. Despite these shortcomings, the calculation of HREEL spectra using dielectric theory is a valuable tool for predicting qualitative trends. Since the calculations are for noninteracting layers, any deviatiohs from the simulated spectra observed in the experimental data may provide some insight into the nature of the Pt-ZnO interactions. The results of the HREEL simulations forPt overlayer thicknesses up to 3 ML are presented in Figs: 9 and 10, where the phonon intensity normalized to that ofthe elastic peak and FWHM of the elastic peak are plotted vs Pt coverage, respectively. The calculated value of the normalized phonon intensity for the clean Zno surface was 0.58. This is somewhat less than the experimentally determined value for ZnO(OOOi) of 0.68. This discrepancy may be due to uncertainties in the values of the parameters used in calculating the effective dielectric constant.
32
,33 It might also indicate the presence of a small depletion layer on the (0001) ,surface. A reduction in the charge carrier concentration due to a surface depletion layer would result in less· shielding of the phonon vibration and lead to an increase in the observed phonon intensity.
In contrast to the result obtained for ZnO(OOOI), the normalized phonon intensity obtained from the·simulation deviates significantly from that obtained experimentally for ZnO(OOOI).The normalized phonon intensity of clean ZnO(OOO I). was 0.35 while the simulation predicts a value -of 0.58 .. The decreased intensity. of the phonon mode, for ZnO(OOOI) relative to the simulation and ZnO(OOOl) can pe attributed to shielding of the dipole of the phonon vibration by an accumulation layer of electrons near the (0001) sur-
Full-width at half-maximum of the elastic peak as a function of Pt coverage for the simulated HREEL spectra. The spectra were calculated using the dielectric"model described in the text. A Gaussian peak with a FWHM of 9.9 meV was used as the instrumental response function in the simulation.
face. The large discrepancy between the measured and calculated phonon intensities indicates that the accumulation layer on the (0001) surface is quite large. Upon "deposition" of Pt, the phonon intensity in the calculated spectra continually decreased as the Pt coverage was increased, as is shown in Fig. 9 . In the simulation, shielding of the ZnO phonon mode by the conduction electrons in the Pt overiayer was nearly complete for a 3ML Pt film. These results are in good agreement with those obtained experimentally from ZnO(OOOl), as shown in Fig. 3(a) . This result supports the conclusion that the Pt grows in a nearly layer-by-layer fashion on this surface. The similarity between the spectra simulated using a noninteracting layer model and experiment also suggests that there is not a considerable amount of charge transfer at the PtlZnOCOOOi) intert'ace::ln contrast, the results obtained from the (0001) surface, presented in Fig.' 3(b) , deviate appreciably from the simulated spectra in the Jow coverage regime, indicating significant electronic interactions between the Pt film and this surface ..
The FWHM of. the elastic peak measured as a function ofPt coverage for the simulated data (see Fig. 10 ) also exhibits behavior which is qualitatively similar to that observed ·for ZnO(OOOI). The FWHM increased with increasing Pt overiayer thickness to a maximum value of 19.8 meV, then gradually returned to a value close to that of the clean ZnO surface. This result indicates that surface roughness is not the major cause of the decreased spectral resolution, since this factor was not included in the simulation. The increase in FWHM can be accounted for by convolution of the intense, plasmonlike loss continuum of the thin Pt film with the elastic peak. As is evident upon comparison of Fig. 4(b) with Figs. 4Ca) and 10, the FWHM vs coverage results for Pt deposition on ZnO(OOOl) were very different from both the simulation and the experimental data for Pt/ZnO(OOOl). In this case, no significant change in the FWHM of the elastic peak was observed below a Pt coverage of 0.6 ML. Beyond this point, rapid broadening was observed until the FWHM reached a maximum value of 23.8 meV for a Pt thickness of 1.0 ML. Further Pt deposition resulted in a decrease in the FWHM. This cusp-shaped curve which is sharply peaked at 1.0 ML provides further evidence that there is a strong electronic interaction between Pt and ZnO(OOOI). The constant value of the FWHM for coverages less than 0.6 ML can be attributed to the balancing of two effects, plasmonlike losses in the thin Pt film which tend to increase the FWHM and a reduction in the number of free carriers in the surface region of the oxide substrate which tends to decrease the FWHM. As the coverage of the Pt layer increases, the plasmon losses in the metal film begin to dominate and there is a sharp increase in the spectral FWHM.
The HREELS results obtained in this study, in conjunction with the simulated spectra, indicate that the vapordeposited Pt films grow in a nearly layer-by-Iayer fashion. This is consistent with the AES and TEM studies of Roberts and Gorte? It is interesting that, in light of the fact that thermodynamics appears to favor the formation of Pt particles, the metal film grows layer-by-Iayer. The thermodynamic limit is demonstrated in the annealing studies which showed that, upon heating above 600 K, Pt films on both of the ZnO surfaces coalesced into particles. This suggests that Pt-Pt interactions are stronger than Pt-ZnO interactions. A similar effect has recently been reported by Ernst et al. for the interaction of Cu with ZnO(000i).36 In that study it was found that vapor-deposited Cu formed two-dimensional islands on ZnO(OOOl) for coverages less than 0.5 ML. Annealing of these Cu films to temperatures in excess of 300 K resulted in agglomeration into large Cu particles.' Coalescence occurred over a wide temperature range, but was complete by 800 K.
Ernst et al. proposed a simple kinetic model which is capable of explaining this result. 36 The basic premise of this model is that as long as no islands have nucleated in the second layer of the metal film, adsorbed atoms on the surface of a one atom thick metal island would migrate to the edge of the island and then down onto the substrate. This would maximize their nearest-neighbor interactions. Once islands have nucleated on the second layer, it would be more energetically favorable for isolated metal adatoms to migrate to the edge'of the second layer metal islands, provided that the strength of the metal-metal interactions is greater than that of the metal-metal oxide interactions. The authors proposed that the onset of two-dimensional growth would occur above some critical coverage, Be' of monolayer thick metal islands. Presumably, the value of Be is determined by the rate at which adatoms migrate to island edges and down into the first layer and therefore depends on the energy barriers for diffusion on the metal surface and for migration from the second layer to the first layer.
There are many similarities between the results obtained for Pt and Cu and it appears that the model proposed by Ernst et al. for the CU/ZnO(OOOl) system is applicable to the PtlZnO(OOOl) and PtlZnO(OOOi) systems as well. In particular, it provides a mechanism for the growth of twodimensional films, even though the thermodynamic limit is particle formation. There are some subtle differences, however, between the results obtained for Cu and those for Pt. Most important of these is the critical coverage of monolayer islands at which nucleation of metal islands in the second layer occurs (ie., the onset of three-dimensional growth). This critical coverage was found to be 0.5 ML for Cu on ZnO(000i),36 while the results of this study indicate that for Pt on ZnO(OOOI) and ZnO(OOOi) Be is closer to I ML. Examination of the model reveals that this difference is consistent with the energy barrier for migration of metal atoms from the second layer of a metal island down into the first layer being smaller for Pt than for Cu. This is likely to be the case if Pt-ZnO interactions are stronger than Cu-ZnO interactions. The annealing behavior of the Cu and Pt films provides some evidence to support this conclusion. In particular the onset of agglomeration of Cu layers into large particles occurs near 300 K,36 while for Pt layers the onset of agglomeration occurs at a much higher temperature, 600 K.
The observed transition of the ZnO(OOOl) from a semiconductor to an insulator upon deposition of very small quantities of Pt(O.I-O.S ML) was somewhat surprising when first encountered. However, this result can be easily reconciled by considering the formation of a Schottky barrier. If a metal and an n-type semiconductor are brought into contact with one another, charge carriers are transferred from the valence band of the semiconductor to the metal in order to equalize their respective Fermi levels. 37 When this occurs, the bands of the semiconductor are bent upward and a region where the charge carrier concentration is severely depleted is formed in the surface region. Apparently, even for Pt coverages of less than 0.1 ML on ZnO(OOOI), the upward bandbending of the ZnO valence band is sufficient to cause a semiconductor-to-insulator transition in the surface region of the oxide. Upward band-bending accompanied by charge transfer from the oxide to the metal overlayer has also been observed in the case of Cu deposition on ZnO(0001). 38 The formation of a Schottky barrier is also consistent with the observed increase in the normalized phonon intensity upon deposition of 0.1 ML of Pt on ZnO(OOOI). As was shown in the results section, the (0001) surface contains an accumulation layer of charge carriers. This layer of charge carriers screens the surfac~ phonon mode, causing a reduction in its intensity in the clean surface HREEL spectrum. Upon deposition of a small amount of Pt, localized Schottky barriers are formed. This reduces the amount of screening -of the phonon oscillation by conduction electrons in the oxide and produces an increase in the normalized phonon intensity in the HREEL spectrum.
Perhaps the most significant result in this study is the demonstration of how interfacial structure can influence electronic interactions at metal/metal oxide interfaces. The experimental results did not provide any evidence for a significalit amount of charge transfer at the PtlZnO(OOOi) interface. The trends in the HREEL spectra of Pt films deposited on ZnO(OOOi) were qualitatively similar to those predicted by a model consisting of two uniform, noninteracting dielectriclayers. In contrast, Schottky barrier formation was observed upon deposition of Pt on ZnO(OOOl). Transfer of charge from the oxide to the metal layer on this surface is sufficient to cause the surface region of the oxide to undergo a semiconductor-to-insulator transition. These differences are clearly related to the structure and electronic properties of the two ZnO surfaces. The (0001) surface contains equal numbers of cations and anions and has an electron accumulation layer, while the (OOOi:) surface is primarily composed of anions and has a much lower concentration of charge carriers. The differences in the electronic interactions at the Ptl ZnO(OOOi) and PtlZnO(OOOl) interfaces may be responsible for the chemical reactivity variations observed by Roberts and Gorte. 7 As noted earlier, these authors observed a 50 K downward shift in the CO desorption temperature for CO adsorbed on Pt film supported on ZnO(OOOl) compared to CO adsorbed on a Pt film supported on ZnO(OOOi).
v. CONCLUSIONS
HREELS and LEED were used to study the growth, structure, and electronic properties of thin Pt films on ZnO(OOOI) and ZnO(OOOI). It was found that vapordeposited Pt grew epitaxially in nearly a layer-by-layer fashion on both surfaces. After deposition of approximately 2 ML of Pt, the layers exhibited hexagonal symmetry and had a lattice constant close to that of a Pt(lll) surface. Despite the similarity in the growth mechanisms on the two surfaces, the HREELS results indicated that the interaction of Pt with ZnO(OOOl) is dramatically different than that with ZnO(OOOI). There was no evidence for significant electronic interactions between Pt and ZnO(OOOl). This was confirmed by a correspondence of the PtlZnO(OOO i) results with simulated HREEL spectra calculated using a noninteracting dielectric layer model. In contrast, HREEL spectra collected from the PtlZnO(OOOl) system deviated significantly from the model. The data in this case are consistent with transfer of electrons from the oxide to the deposited metal, resulting in the formation of a Schottky barrier at the interface. These results demonstrate the importance of local structure in determining electronic interactions at metaVmetal oxide interfaces.
The two-dimensional Pt films formed by vapor deposition at low temperature were stable for annealing temperatures below approximately 600 K. Beyond this point, the Pt agglomerated to form relatively large particles. LEED demonstrated that the particles were oriented with respect to the Zno substrate and had exposed Pt(lll) surfaces.
